In Brief
Seed dormancy affects germination and pre-harvest sprouting. Nakamura et al. report that the mitogen-activated protein kinase cascade participates in regulating barley seed dormancy. Their results suggest a natural mutation in MKK3 was used to improve pre-harvest sprouting tolerance in East Asia and may enable improvement of this trait in wheat.
SUMMARY
Seed dormancy has fundamental importance in plant survival and crop production; however, the mechanisms regulating dormancy remain unclear [1] [2] [3] . Seed dormancy levels generally decrease during domestication to ensure that crops successfully germinate in the field. However, reduction of seed dormancy can cause devastating losses in cereals like wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) due to pre-harvest sprouting, the germination of mature seed (grain) on the mother plant when rain occurs before harvest. Understanding the mechanisms of dormancy can facilitate breeding of crop varieties with the appropriate levels of seed dormancy [4] [5] [6] [7] [8] . Barley is a model crop [9, 10] and has two major seed dormancy quantitative trait loci (QTLs), SD1 and SD2, on chromosome 5H [11] [12] [13] [14] [15] [16] [17] [18] [19] . We detected a QTL designated Qsd2-AK at SD2 as the single major determinant explaining the difference in seed dormancy between the dormant cultivar ''Azumamugi'' (Az) and the nondormant cultivar ''Kanto Nakate Gold'' (KNG). Using map-based cloning, we identified the causal gene for Qsd2-AK as Mitogen-activated Protein Kinase Kinase 3 (MKK3). The dormant Az allele of MKK3 is recessive; the N260T substitution in this allele decreases MKK3 kinase activity and appears to be causal for Qsd2-AK. The N260T substitution occurred in the immediate ancestor allele of the dormant allele, and the established dormant allele became prevalent in barley cultivars grown in East Asia, where the rainy season and harvest season often overlap. Our findings show fine-tuning of seed dormancy during domestication and provide key information for improving pre-harvest sprouting tolerance in barley and wheat.
RESULTS AND DISCUSSION
Seed Dormancy QTL Analysis We carried out seed dormancy quantitative trait locus (QTL) analysis using recombinant inbred lines (RILs) derived from a cross between the dormant cultivar ''Azumamugi'' (Az) and the non-dormant cultivar ''Kanto Nakate Gold'' (KNG), which have distinct levels of seed dormancy ( Figures 1A and 1B) . By comparing the germination percentage of the seeds from the RILs, we detected a single, major seed dormancy QTL in the terminal region of the long arm of chromosome 5H, where SD2 was previously detected (Figures 1C and S1A-S1C). The detected QTL showed logarithm of odds (LOD) scores of 5.5 to 9.8 and explained approximately 23% to 37% of the phenotypic variation in the RILs in trials conducted for 3 years. We designated the QTL Qsd2-AK.
Map-Based Cloning of the Causal Gene for Qsd2-AK To identify the causal gene for Qsd2-AK, we started by fine mapping Qsd2-AK using Az and near-isogenic line (NIL) #34, which has a single KNG genomic segment at only the Qsd2-AK locus ( Figure S1D ) and is non-dormant, like KNG ( Figure 1B ). NIL#34 was used to remove effects of other seed dormancy QTL. Examining approximately 12,000 F 2 plants, our fine mapping of the QTL using the F 3 and F 4 progeny of the F 2 plants delimited Qsd2-AK to within approximately 7 kb of genomic sequence ( Figures 1C, S1E , S1F, and S2; Tables S1 and S2 ). This region spans from intron 2 to intron 10 of the Mitogen-activated Protein Kinase Kinase 3 (MKK3) gene. This indicated that the causal gene for Qsd2-AK is MKK3. MKK3 is a component of the Mitogen-activated protein kinase (MAPK) cascade. MAPK cascades are evolutionarily conserved signaling modules in all eukaryotes and function to transmit diverse extracellular signals into intracellular responses to modulate cell growth, cell proliferation, and various cellular processes [20] [21] [22] . Among plant MKKs, MKK3 is the only member of the group B MKKs that has been evolutionarily conserved in photosynthetic eukaryotes and has a unique structure with a kinase domain and nuclear transport factor 2 (NTF2) domain together in the same MKK [23, 24] . Previous reports have shown that MKK3 acts in several signaling pathways such as pathogen signaling [25] , jasmonate signaling [26] , abscisic acid (ABA) stress signaling [27] [28] [29] , wounding signaling [30] , and blue light-mediated seedling development [31] . These ABA, blue light, and jasmonate signaling pathways have been implicated in the control and release of seed dormancy in barley and wheat [32, 33] .
To identify the causal sequence polymorphism for Qsd2-AK, we compared the 7 kb of genomic sequence in the mapped Qsd2-AK region between Az and KNG. We found 34 sequence polymorphisms (single nucleotide polymorphisms [SNPs] or insertions and deletions [InDels] ) in the QTL region. Among them, four SNPs cause non-synonymous substitutions, and we found that one of these SNPs, located in exon 7 (which encodes the kinase domain), substitutes the 260 th amino acid residue N (codon AAT) in KNG to T (codon ACT) in Az ( Figure 2A ). The N is evolutionarily conserved from green algae (Chlamydomonas reinhardtii), through moss (Physcomitrella patens), to seed plants (Figures 2A and S3A ). This conservation indicated that N260 might be an important amino acid for MKK3 kinase activity.
In Vitro Kinase Assays for MKK3
We tested whether the N260T substitution affects MKK3 kinase activity by using a previously described in vitro kinase assay [26] . Recent work identified Mitogen-Activated Protein Kinase Kinase Kinase (MAP3K) 17 and 18 as upstream kinases of MKK3 in Arabidopsis [29, 34] . However, we do not know the barley MAP3Ks that activate MKK3. Thus, we used unactivated (unphosphorylated) MKK3 for our kinase assay and measured its basal kinase activity. As its substrate, we used Arabidopsis Mitogen-activated Protein Kinase (MPK) 1, because MKK3 is known to function as an activator of the group C MPKs (MPK1, MPK2, MPK7, and MPK14) [25, 29] . As shown in Figure 2B , the kinase activity of Az MKK3 (with N260T) is approximately five times lower than that of KNG MKK3 (with N260).
Moreover, a recombinant form of MKK3 that has the N260T substitution introduced into the KNG MKK3 sequence (mutKNG MKK3) showed approximately 11-fold lower kinase activity compared with KNG MKK3. Thus, our in vitro kinase assays clearly revealed that the N260T substitution decreases the kinase activity of MKK3. Three other amino acid substitutions seemed to have less strong effects on the kinase activity compared to N260T ( Figure S3B ). However, these substitutions might affect other functions of MKK3 and not alter the kinase activity. These results suggested that the lowered kinase activity caused by the N260T substitution brings about higher dormancy, delaying germination. This is consistent with the results from our dominance test showing that the dormant Az allele is recessive and the non-dormant KNG allele is incompletely dominant ( Figure S3C ).
Analysis of Mutant Alleles of MKK3
To identify loss-of-function mutant alleles of MKK3, we screened 7,979 ethyl methanesulphonate (EMS)-induced mutants derived from the barley cultivar ''Barke'' using the Targeting Induced Local Lesions in Genomes (TILLING) method [35] with primers that amplify approximately 1 kb of genomic sequence; this sequence includes exons 5, 6, and 7, which encode the kinase domain. Like KNG, Barke is a malting barley and does not show dormancy. We identified 17 M 2 mutant lines (Table S3) : one mutant (mutant #17) with a change in the 3 0 splice junction site of intron 6, two mutants with synonymous changes, six mutants with non-synonymous changes, and eight mutants with changes in the intron sequences. We did not identify any mutants with changes that directly produce a premature stop codon. However, we expect that the splice junction mutation in #17 might cause loss of function of MKK3 by incorrect splicing, as the mutation changed the AG at the acceptor site to AA (Figure 3A) , which is expected to prevent normal excision of intron 6 from the mRNA. To test the effect of the mutation on splicing, we examined MKK3 transcripts of Barke and the splicing junction mutant. The transcriptome analysis databases AtGenExpress and RiceXPro show that MKK3 genes (AT5G40440 in Arabidopsis and Os06 g0473200 in rice) express at relatively constant levels in all organs [36, 37] . Thus, we used mRNAs extracted from leaf tissues for the analysis. Interestingly, we found that the original cultivar Barke has two types of MKK3 transcript (MKK3-1 and MKK3-2) produced by alternative splicing using two AG acceptor sites, which are 14 bp apart at the 3 0 end of intron 6 and at the 5 0 end of the canonical exon 7, respectively ( Figures  3A and 3B) . The MKK3-1 transcript produces a normal protein with 523 amino acids; the MKK3-2 transcript has a premature Figure S3A . (B) An in vitro kinase assay of MKK3. Affinity-purified GST fusion proteins, GST-MPK1K61R and GST-MKK3s, were expressed in E. coli. The K61R amino acid substitution was introduced to prevent auto-phosphorylation of MPK1. GST-Az: GSTfused Az MKK3; GST-KNG: GST-fused KNG MKK3; GST-mutKNG: GST-fused KNG MKK3 (N260T). GST-MKK3s were incubated with (+) or without (À) a substrate GST-MPK1K61R in the kinase reaction mixture, and aliquots of the samples were separated by SDS-PAGE and subjected to autoradiography. Coomassie blue (CBB) staining of the GST-MKK3s and GST-MPK1K61R is shown in the bottom panel. Data are shown as mean ± SD; n = 4 independent experiments. See also Figure S3. stop codon produced by a frameshift caused by the alternative splicing (Figure 3A) and produces a smaller protein with 244 amino acids ( Figures 4B and  S4A ). The MKK3-2 protein has only about half of the kinase domain and did not show any activity in kinase assays (Figure S4B) . We found the splice junction mutant expresses only the MKK3-2 transcript. This means the splice junction mutant has a loss-of-function mutant allele of MKK3.
To examine the phenotype of the lossof-function mutant allele of MKK3, we carried out germination tests using the splicing junction mutant as well as other mutants listed in Table S3 (we excluded seven of the mutant lines for technical reasons, including sterility of the mutant). The results of the germination test are summarized in Figure 3C . As expected, the germination percentage of the splice junction mutant was reduced to 23%, compared to the approximately 100% germination of the original cultivar Barke. In contrast, the other six mutants showed almost the same germination percentages as that of Barke. In the remaining three mutants (#1, #3, and #15), the germination percentages were reduced to approximately 80%. However, for two of them, the mutations appear to be non-relevant to the reduced germination percentages because the germination percentages of the M 3 segregants of mutant #3 were independent of the mutation, and the change in mutant #15 is located in intron 6. Mutant #1 has a non-synonymous mutation that substitutes a conserved L130 with F. Thus, this mutation might be related to the 20% reduction in germination; however, our in vitro kinase assay suggests this change had little effect on the kinase activity compared with the N260T substitution ( Figure S4B ). We cannot exclude the possibility that mutations in other genes might cause the reduction in germination of the splice junction mutant. However, taking into account our map-based cloning results, our observations strongly indicate that MKK3 functions to promote germination. This means that MAPK signal transduction pathways likely participate in the regulation of seed dormancy.
Natural Variation of MKK3 and the Evolution of the Az Allele
To examine how the dormant Az allele became established during barley domestication, we analyzed approximately 8 kb of MKK3 genomic sequences in 150 accessions of wild barley (H. vulgare subsp. spontaneum) and 274 accessions from the Standard Variety (SV) collection selected to cover the global diversity of domesticated barley [38] [39] [40] . We determined the genomic sequences from 118 accessions in the wild barley collection and 237 cultivars in the SV collection (Table S4 ). The sequences from the rest of the accessions could not be determined, mainly because of heterozygosity of their genomes. We found 62 and 36 haplotypes of genomic sequences in the wild and SV collections, respectively. Six of the haplotypes are common to the wild and SV collections. Thus, we found 92 haplotypes of MKK3 genomic sequences and designated them Hap_001 to Hap_092.
In the wild barley accessions, we found that accession #2016 (Hap_009) of Azerbaijan has the immediate ancestral allele of Az (Hap_007) ( Figure 4A ). Hap_009 has exactly the same 8-kb sequence as Hap_007, except for the causal SNP for the N260T amino acid substitution; Hap_009 has an A at the SNP instead of the mutated C in the Az allele ( Figure 4A ). Furthermore, we found four other wild barley accessions that have very similar sequences to this Az ancestral allele, differing by only 3 (#2084, Hap_071), 4 (#2065, Hap_063), and 12 (#2061, Hap_062 and #2072, Hap_062) nucleotides in the entire 8-kb sequence. These accessions originated from Turkmenistan (#2084) and Jordan (#2065, #2061, and #2072). These results suggested that the ancestral allele comes from around the center of distribution of wild barley.
In the SV collection, we found sequences of both types, the ancestral allele of Az and the Az allele. Eight cultivars from Iran, China, and Korea have the ancestral allele of Az ( Figure 4B ; Table  S4 ). This means that the ancestral allele of Az spread from around the Fertile Crescent and eventually reached the northeast regions of China. We also found that 55 cultivars have the Az allele. Among them, 54 cultivars originated from East Asia (Japan, Korea, China, and Taiwan), and the remaining cultivar originated from South Asia (Pakistan) ( Figure 4B ; Table S4 ). Furthermore, we found descendant alleles of the Az allele in cultivars originating from China and Japan. These alleles have an additional SNP to the Az allele ( Figure 4A ). SV accession #033 and #034 have Hap_011, which has an additional SNP (G3317C) in intron 7 ( Figure 4A) ; these cultivars originated from the Kiangsi and Hupei provinces in China, respectively. SV accession #111 has Hap_018, which has an additional SNP (C5885T) in intron 9, and #135 has Hap_019, which has a different additional SNP indicates that the line has a mutation at the splicing junction site; orange bar indicates the line has a nonsynonymous mutation (mutant #1: L130F; #3: A173T; #4: V186I; #11:T239I); green bar indicates the line has a synonymous mutation; blue bar indicates the line has a mutation in the non-coding sequence. Germination data for M 3 plants are shown as mean ± SD; n = 9 (3 spikes3 3 plants), except for #8 and #11 n = 6 (3 spikes 3 2 plants), and #17 n = 6 (3 of the combined seeds from 2 spikes 3 2 plants). The spike length of #17 is approximately half the spike length of Barke; thus, number of seeds per spikes was also about half that of Barke. To obtain enough seeds for germination tests, we combined seeds from two spikes for the germination test. The detailed description of these mutants is available in Table S3 . See also Figure S4 .
(G6615C) in intron 9 ( Figure 4A ). They originated from the Shimane and Miyazaki prefectures in Japan. These results suggest that the Az allele became established in East Asia. Archeological evidence suggests that domestication of cultivated barley from wild barley dates back at least 10,000 years [41] [42] [43] . The center of distribution of wild barley is around the Fertile Crescent [41, 44, 45] . Cultivated barley spread outside of this region [41] , and it is assumed to have been introduced to East Asia by 4,000 years ago [46] and entered Japan by around 3,000 years ago [46, 47] . Our results suggest that the ancestral MKK3 allele of Az existed in wild barley lines before the start of domestication. Then after domestication, as shown in Figure 4B , the cultivars with the ancestral MKK3 allele of Az appear to have moved only toward the east, finally reaching the northeastern part of China. During this movement, a single nucleotide mutation that caused the N260T substitution occurred in MKK3 to establish the Az allele; this allele become the major allele in cultivars in East Asia. In East Asia, especially in Southeast China, Korea, and Japan, rainy seasons start around June due to the Asian monsoon climate [48] . This rainy season tends to overlap with the barley harvest season, resulting in serious pre-harvest sprouting losses of barley [49] . Thus, barley cultivars grown in this region require pre-harvest sprouting tolerance. We can speculate that the mutation causing the N260T substitution was selected and predominantly spread Table S4. in barley cultivars in East Asia based on its advantage in preventing pre-harvest sprouting.
We also examined MKK3 genomic sequences from dormant cultivars or lines in which SD2 was previously detected [12, 13, 16, 17] . As shown in Figure S4A , these lines (''Steptoe,'' ''Triumph,'' TR306, and OUH602) do not have the Az allele or the N260T substitution. This indicates that the dormancy in these lines results from other polymorphisms in MKK3 or polymorphisms in other genes. Recently, barley homologs of PM19-A1 and A2, the ABA-induced Wheat Plasma Membrane 19 family genes, have been proposed as causal genes for the SD2 [50] . Thus, these genes might be the causal genes for the SD2 for these lines.
Application of This Study to Improve Barley and Wheat
Pre-harvest Sprouting Tolerance Marker-assisted selection for the Az allele will contribute to conferring pre-harvest sprouting tolerance in barley. In addition, our findings could contribute to the improvement of pre-harvest sprouting tolerance in wheat [51] . Wheat is an allohexaploid plant, making it hard to see the phenotypic effects of recessive alleles because the other two potential functional homeologous genes likely compensate for any recessive mutation. Here, we found that the recessive dormant Az allele causes Qsd2-AK. Therefore, introducing N260T into all the wheat homeologs of MKK3 may provide a novel method to increase seed dormancy in wheat cultivars.
EXPERIMENTAL PROCEDURES
For details on the experimental procedures on the QTL analysis, the fine mapping of the Qsd2-AK, the in vitro kinase assay of MKK3, the TILLING screening for MKK3 mutants, and the cloning of the splicing variants and for DDBJ accession numbers of the DNA sequences, please see the Supplemental Experimental Procedures.
Plant Materials
Barley was grown in a field and a greenhouse at Tsukuba in Japan. For fine mapping of the QTL, we used spikes harvested at physiological maturity stage and dried at 30 C for 1 week. They were stored at À30 C during preparation of seeds for the germination tests.
Germination Tests
Seeds from a harvested spike were sown with 4.5 ml distilled water containing 0.0125% (weight/volume) iminoctadine-triacetate as fungicide on two sheets of No. 2 filter paper in 9-cm Petri dishes. The dishes were incubated in the dark for 7 days at 15 C, and then the germinated and ungerminated seeds were counted, and germination percentages were calculated.
Phylogenetic Analysis
The DNA or deduced amino acid sequences were aligned with ClustalW [52] and then manually adjusted to optimize the alignment. The phylogenetic tree was constructed with MEGA6 [53] , using the neighbor-joining method.
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